We present a rapid, noncontact imaging technique which can obtain the spectrally-and spatially-resolved scattering and absorption coefficients of a turbid medium. The measurement involves combining a spatially modulated illumination pattern with a snapshot imaging spectrometer for measurement. After capture of an (x, y, λ) datacube, an image demodulation scheme is applied in post-processing to obtain the spatial maps of diffuse reflectance, absorption coefficient, and reduced scattering coefficient. The resulting system is used to dynamic maps (in 1 s intervals) of the brain's intrinsic optical signal.
INTRODUCTION
Functional imaging of optically diffuse media such as biological tissue can be difficult due to the nonlinear coupling between the scattering and absorption coefficients caused by their volumetric interaction inside the medium. In the visible and near-infrared regions, spectrally-resolved measurements of these coefficients for biological tissue provide a rapid noncontact means of mapping chromophore concentration, providing a measure of hemodynamics as well as the dynamic changes of any other chromophores. For brain imaging, this can be used to localize specific neural processes and to determine functional organization. This type of widefield spectral imaging system can also be used to dynamically map drug delivery within the body, either transcutaneously via chromophore distribution within subcutaneous vasculature, or directly within tissues.
Spatial frequency domain imaging (SFDI) is a technique for separating the absorption and scattering coefficients in turbid media which allows for wide-field optical property mapping and tomographic imaging. While SFDI has been used together with spectrally-resolved measurement in previous experiments, we show experiments in which it is used in combination with a snapshot imaging spectrometer for maximum optical throughput and time-resolution of dynamic data. After introducing SFDI and the image mapping spectrometer used in the experiments, we show validation data on tissue phantoms and present data showing the hemodynamic response of the brain to external stimulus. Whereas previous imaging spectrometry -based on liquid-crystal tunable filters -required 50 s to complete a 34-wavelength SFDI measurement, the IMS-based system can complete the same measurement in 1 s and provides 46 wavelengths.
SPATIAL FREQUENCY DOMAIN IMAGING
Spatial frequency domain imaging (SFDI) is a technique of illuminating a diffuse sample with discrete spatial frequencies and measuring the modulation contrast of the remitted light. This takes advantage of the principle that when sinusoidally modulated or structured light illuminates tissue, higher spatial frequencies attenuate more rapidly with depth than lower frequencies. Thus, if one looks for the contrast of reflected spatial fringes, one finds that lower spatial frequencies are sensitive to deeper regions, while higher spatial frequencies are sensitive to surface regions.
1, 2 This property of differential depth sensitivity between DC and AC illumination also allows the separation of absorption and scattering coefficients within the sample. Since the DC frequency preferentially selects photons with the longest path length, it tends to be the most attenuated by absorption. The nonzero frequencies select shorter paths and so are relatively more sensitive to scattering. The ability of SFDI to quantitatively image both absorption and scattering 2 has been demonstrated by imaging stroke in the rat cerebral cortex, 3 cortical spreading depression, 4 layered structures in skin, 5 and hemodynamics in the human arm.
The SFDI method works well for narrow band (quasi-monochromatic) illumination. When the illumination is broadband, and the sample contains spectrally-dependent scattering and absorption features, separation of the two optical properties requires spectrally resolved imaging. Since the method is camera-based and does not involve scanning, it allows one to quickly generate high resolution images over a large field of view.
For SFDI, the tissue is illuminated with a spatial pattern of the form
where S 0 is the mean illumination intensity, f x the spatial frequency, and φ the spatial phase, respectively. The diffusely reflected intensity I for illumination pattern phase φ is given by
a sum of DC (spatially uniform) and AC (spatially modulated) components. Here M AC (x, f x ) represents the modulation contrast -the amplitude of the reflected photon density "standing wave" at frequency f x and position x.
To obtain M AC (x, f x ), we use a simple time domain amplitude demodulation method. 7 This involves illuminating the sample with a fixed spatial frequency sinusoid pattern but with three different phase offsets φ 1 = 0, φ 2 = 2π/3 and φ 3 = 4π/3 radians. M AC (x, f x ) can then be calculated algebraically at each spatial location x by
The spatially-varying DC amplitude I DC (x) can be calculated at any frequency of illumination using I DC (x, f x ) = (I 1 + I 2 + I 3 )/3. Finally, measurement of a reference turbid phantom of known optical properties allows modelbased calibration for the source intensity S 0 , and therefore conversion of M DC to calibrated diffuse reflectance R DC :
This calibration step also corrects for any unwanted spatial variation in the illumination intensity S 0 (x, y) and for spatially-varying detection sensitivity (such as due to vignetting in the imaging lenses).
Once we have obtained R DC and M AC , we can calculate tissue optical properties by fitting to a lookup table created with a forward Monte Carlo model 2 simulating the two spatial frequencies used for the experiment, in this case 0 mm −1 and 0.12 mm −1 . This lookup table search is performed independently for each voxel of the sample's (x, y, λ) datacube, producing a datacube for both the absorption coefficient μ a and the reduced scattering coefficient μ s . Figure 1 shows the optical layout for the experiments. A commercial projector is used to illuminate the sample with white light distributed as a spatial sinusoidal pattern. The reflected light is imaged by an image mapping spectrometer (IMS) which obtains an (x, y, λ) datacube for each integration period. The SFDI algorithms then map the set of four measured datacubes to two optical property datacubes.
IMAGE MAPPING SPECTROMETRY
The operating principle of the image mapping spectrometer (IMS) system 8-10 is illustrated in Fig. 2 . The sample is imaged onto at a custom-made microfaceted mirror called the "image mapper". The mapper is composed of a series of mirror facets, each with its own 3D tilt angle designed to direct the reflected light into one of an array of spectrometers, all of which are coupled to the same monolithic detector array. A mirror facet thus acts as an effective slit for its corresponding spectrometer, and the facets segment the image into set of narrow strips, which are then re-assembled after detection into an (x, y, λ) datacube by a re-mapping algorithm. In order to keep the system compact, the array of spectrometers is fabricated using arrays of miniature prisms and lenses which are each mounted onto a shared planar optomechanical support.
The resulting raw image is thus a one-to-one map of the datacube voxels onto a planar detector array, allowing for direct detection of the intensity from each voxel. From the raw data, we then remap the pixels Thus, while our measurements are able to replicate standard data for intrinsic signal imaging of the cortex, they also contain a good deal more due to the IMS' ability to capture a full spectrum at each pixel simultaneously. This can be used both as a check against single-wavelength data and as a means of looking beyond them at other phenomena. We are currently applying a pathlength correction to the above reflectance data in order to directly estimate changes in concentration of oxy-and deoxy-hemoglobin. These are being prepared for a separate publication.
CONCLUSION
Snapshot imaging spectrometry provides a high-throughput means of obtaining spectral data using any wide field imaging technique. Here we have adapted an image mapping spectrometer to take data obtained with spatial frequency domain imaging, allowing for rapid quantitative detection of multiple chromophore distributions across tissue. Validation experiments show the robustness of the measurement method (with measurement repeatability limited more by our ability to accurately generate samples of the correct dye and intralipd concentrations). Intrinsic signal optical imaging measurements of the rat cortex show the benefits of using snapshot imaging spectrometry: collecting the entire dataset simultaneously eliminates ambiguities and artifacts caused by scanning, while also providing for both a throughput increase and much faster imaging rate.
